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7KHVWUHQJWKPHDVXUHGLQWKHEHVW&17ILEUHVLVLQWKHW\SLFDOUDQJHRIFRQYHQWLRQDOKLJKSHUIRUPDQFHILEUHVVXFKDV
FDUERQILEUHRU'\QHHPDHVSHFLDOO\ LIVSHFLILFVWUHVV LVFRQVLGHUHGLHVWUHQJWK LQ*3DGLYLGHGE\EXONGHQVLW\
DQGVLPXOWDQHRXVO\WKH\KDYHPDQ\IHDWXUHVLQFRPPRQZLWKWUDGLWLRQDO\DUQVVXFKDVFRWWRQRUVLON,QWKLVSDSHU
XVLQJ)($ZHDGGUHVVWKHLVVXHRIZK\WKHVWUHQJWKVHHQLQ&17ILEUHVIDOOVIDUVKRUWRIWKDWRIWKHLQGLYLGXDO&17V
*UDSKLWH LV NQRZQ DV D OXEULFDQW ZKLFK KDV LWV RULJLQV LQ WKH YHU\ ORZ IULFWLRQ EHWZHHQ WKH JUDSKHQH OD\HUV LQ
JUDSKLWHZKLFKLQWXUQLVUHODWHGWRWKHZHDNQHVVRIWKHLQWHUOD\HULQWHUDFWLRQV>@,WLVZRUWKSRLQWLQJRXWWKDWWKH
LQWHUOD\HUVKHDUVWUHQJWKLQJUDSKLWHLVQRWLQDFFRUGDQFHWRWKHFRQYHQWLRQDO&RXORPEIULFWLRQDVPDQ\VWXGLHVKDYH
VXJJHVWHG7RJLYHDQH[DPSOH UHI >@ VXJJHVWV WKDW WKH IULFWLRQ IRUFHRQ IHZJUDSKHQH OD\HUV LQKLJKO\RULHQWHG
S\URO\WLFJUDSKLWH+23*LVQRWRQO\YHU\ORZEXWWHQGVWREHLQGHSHQGHQWRIWKHQRUPDOIRUFHDQGKHQFHQRWREH\
WKHFRQYHQWLRQDOODZVRIIULFWLRQ$FFRUGLQJO\WKHYDOXHRIWKHVKHDUIRUFHEHWZHHQ&17VLQFRQWDFWLVDOVRYHU\ORZ
DQG LQGHSHQGHQW RI WKH RYHUODS OHQJWK ZLWKLQ WKH WROHUDQFH RI PHDVXUHPHQW > @ ,I KRZHYHU WKH &17V DUH
GHIHFWLYHRUFRQWDPLQDWHGWKHVKHDUIRUFHQRZODUJHO\SURSRUWLRQDOWRRYHUODSOHQJWKLQFUHDVHVFRQVLGHUDEO\>@
<DUQOLNH&17ILEUHVDVGHVFULEHGLQ>@DUHFRPSULVHGRIEXQGOHVRIVD\QDQRWXEHVZLWKKLJKLQWHUQDO
DOLJQPHQW :LWK D OHQJWK RI ! P WKH &17V KDYH D YHU\ KLJK DVSHFW UDWLR !  7KH EXQGOHV IRUP DQ
XQLQWHUUXSWHGQHWZLWKWDQJOHVRIEXQGOHV WKDWUDUHO\WHUPLQDWHDVIDUREVHUYDWLRQVZLWK6(0DQG7(0FDQVKRZ
ZLWKLQWKHLUOLPLWDWLRQVRIUHVROXWLRQ7KHVWUXFWXUHLVVKRZQLQ)LJXUH7KHGLDPHWHURIVLQJOHZDOO&17VKDVEHHQ
HVWLPDWHGIURP5DPDQVSHFWURVFRS\5DGLDO%UHDWKLQJ0RGH5%0SHDNVWROLHLQWKHUDQJH±QP>@


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ$6(0RIDVHPLFRQGHQVHG&17ILEUH7KH&17EXQGOHVDUHDOLJQHGZLWKWKHILEUHD[LVKRUL]RQWDO7KHEUDQFKLQJSURYLGHVDPHDVXUH
RI LQWHUFRQQHFWLYLW\EHWZHHQ WKH&17EXQGOHV$FFRUGLQJ WR6(0ZH WUHDW&17EXQGOHVDV WKHEDVLFHOHPHQWV IRUPLQJ WKH ILEUH UDWKHU WKDQ
LQGLYLGXDO&17V

,Q DQ HDUOLHU UHSRUW >@ WKH VWUHQJWKRI DEXQGOHRI&17VZDV FDOFXODWHG WR EH*3DGLYLGHG VSHFLILFJUDYLW\
HTXLYDOHQW WR1 WH[íZKHUH WH[ LV DXQLWRI WKH ILEUH OLQHDUGHQVLW\XVLQJ OLWHUDWXUHHVWLPDWHVRIN3D IRU WKH
VKHDUVWUHQJWKEHWZHHQSXUH&17VDQGWKHOHQJWKRILQGLYLGXDO&17VRIWKHRUGHURIXSWRPP$VLPLODUHVWLPDWH
IRUVLQJOHZDOO&17VLVRIDERXW1WH[í>@7KHVHHVWLPDWHVDUHYDOLGRQO\XQGHUWKHDVVXPSWLRQWKDWWKHDSSOLHG
VWUHVVLVSHUIHFWO\WUDQVPLWWHGDORQJDOOWKH&17VLQWKHEXQGOH
&OHDUO\\DUQOLNH&17ILEUHVSRVVHVVDVKHDUVWUHQJWKEHWZHHQQDQRWXEHVRUWKHLUEXQGOHVPDQ\RUGHUVRIPDJQLWXGH
ORZHUWKDQWKHLUD[LDOVWUHQJWK7KHFHQWUDOTXHVWLRQRIWKLVSDSHULVZLWKVXFKDORZVKHDUVWUHQJWKKRZVXFFHVVIXOO\
FDQVWUHVVEHWUDQVPLWWHGIURPWKHJULSVLQWRWKHLQQHUFRUHRIWKHILEUHGLYLGLQJWKHORDGLQHTXDOSURSRUWLRQVWRDOO
WKH&17VUDWKHUWKDQRQO\VWUHVVLQJDQGPDNLQJXVHRIWKHVWUHQJWKRIWKHRXWVLGHEXQGOHV",QRUGHUWRDQVZHUWKLV
TXHVWLRQZHKDYHFRQVWUXFWHGDPRUHH[SOLFLWPRGHORIWKHWHQVLOHWHVWEDVHGRQ)LQLWH(OHPHQW$QDO\VLV)($
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7KH)($PRGHO

7RPLQLPL]HWKHFRPSXWDWLRQDOHIIRUWD WRSGRZQPRGHOZDVEXLOWVWDUWLQJZLWK WKHHQWLUHPDFURVFRSLFILEUH
ZKLFKZDVGLVDVVHPEOHGDQGIUDJPHQWHGLQWRVXEHOHPHQWVUHSUHVHQWLQJ&17EXQGOHVXSWRDVXIILFLHQWDFFXUDF\
WR XQGHUVWDQG WKH SKHQRPHQD WKDW KDSSHQ ZLWKLQ WKH ILEUH ZLWKRXW QHJOHFWLQJ WKH FRPSXWDWLRQDO FRVW 7KLV
PHWKRGRORJ\ DOORZHG XV WR DSSO\ PDFURVFRSLFDOO\ GHWHFWDEOH GLVSODFHPHQWV WKDW FDQ EH FRPSDUHG ZLWK WKH
H[SHULPHQWDOREVHUYDWLRQVLQWKHODERUDWRU\7KLVVWUDWHJ\EURXJKWXV WRD WZRGLPHQVLRQDO&17ILEUHPRGHOZLWK
VOLGLQJOD\HUV7KHVWHSVLQWKHDUJXPHQWDUHLOOXVWUDWHGLQ)LJXUH
$VSUHYLRXVO\H[SODLQHGWKHEDVLFFRPSRQHQWRIWKHPRGHOLVWKH&17EXQGOHDVODWHUDOFRQWDFWDPRQJQDQRWXEHV
ZLWKLQDEXQGOHLVDOPRVWSHUIHFWEXWPXFKOHVVFRQWLQXRXVEHWZHHQEXQGOHV)LJXUH6WDUWLQJZLWKDPRGHOPDGH
RI KH[DJRQDO HOHPHQWV ZH ILUVW UHGXFHG WKHPRGHO LQ FRQFHQWULF F\OLQGHUV XQGHU WKH DVVXPSWLRQ WKDW WKH VWUHVV
ZLWKLQHDFKF\OLQGULFDOVKHOORIEXQGOHVLVFRQVWDQW%DVHGRQWKHDVVXPSWLRQWKDWWKHILEUHKDVDQD[LDOV\PPHWU\
DOO HOHPHQWV RQ WKH VDPH UDGLDO GLVWDQFH IURP WKH FRUH VKRXOG EH VWUHVVHG HTXDOO\ DQG FDQ EH FRPELQHG LQWR
FRQFHQWULFVKHOOV7KHORDGWUDQVIHUIURPRQHVKHOOWRWKHDGMDFHQWRQHFDQEHFRQVLGHUHGSURSRUWLRQDOWRWKHFRQWDFW
DUHD DQGKHQFH WR WKH UDGLXVZKLOH WKH VWUHVV OHYHO LQ WKH OD\HU LQZKLFK WKH IRUFHKDVEHHQ WUDQVPLWWHGZLOOEH
SURSRUWLRQDO WR WKHIRUFHGLYLGHGE\WKHFURVVVHFWLRQDODUHDDJDLQSURSRUWLRQDO WR WKHUDGLXV$FFRUGLQJZLWKWKLV
DVVXPSWLRQWKHVWUXFWXUHRIWKHILEUHZDVIXUWKHUUHGXFHGWRDSODQDUPRGHOZKHUHWKHVKHDUIRUFHLVWUDQVPLWWHGIURP
OD\HUWROD\HUWKDQNVWRFRQWDFWHOHPHQWV7KHVFDOLQJLVWKXVWKHVDPHDVIRUDVLPSOHSODQDUVKHHWPRGHODVYHULILHG
E\WKHVDWLVIDFWRU\DJUHHPHQWLQ)($EHWZHHQWKHPHFKDQLFDOSUHGLFWLRQVRIWKHWZRPRGHOV7KH'SODQDUPRGHO
LVWKHEDVLVIRUWKHIROORZLQJVWXG\
:KLOHRXUPDLQJRDOZDVWRHYDOXDWHWKHEHKDYLRXURIWKHPRGHOXQGHUVWUHVVDQGLWVDELOLW\WRIRUHFDVWWKHHIIHFWVRI
WKHSDUDPHWHUVRIPHFKDQLFDOWHVWVZHDOVRDLPHGWRSDUDPHWHULVHLWDVUHDOLVWLFDVSRVVLEOH,QWKHILUVWLQVWDQFHZH
VHWWKHVKHDUVWUHQJWKRIWKHLQWHUIDFHWRN3DDVWKLVYDOXHILWVZLWKWKHUDQJHRIVKHDUVWUHQJWKLQOLWHUDWXUH>@
7KHVKHDUEHKDYLRXURIWKHPRGHOZDVGLYLGHGLQWRDQHODVWLFSRUWLRQZLWKDVKHDUPRGXOXVRI*3D>@DQGD
SODVWLFSRWLRQ7KH)($FRGHDOORZVXVWRVHWWKHPD[LPXPYDOXHRIWKHVWUHQJWKWUDQVPLWWDEOHUHODWLYHWRWKHVOLS
RFFXUULQJWKRVHYDOXHVZHUHVHWIRUWKHPD[LPXPVKHDUVWUHQJWKRIN3DWREHUHDFKHGDWWKHRQVHWRISODVWLFVOLS
RIQP7KHPRGHODOVRUHTXLUHVDYDOXHIRUWKHD[LDOVWLIIQHVVRIHDFKOD\HU&17EXQGOHZKLFKZHVHWWR
*3D
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
)LJ$6FKHPDWLFUHSUHVHQWDWLRQRIDVWDQGDUGPRGHOZLWKSHUIHFWO\DOLJQHGOD\HUVJDXJHOHQJWKPPJULSOHQJWKPPILEUHGLDPHWHU
ȝPQXPEHURIOD\HUV%7KHVKHDUVWUHVVEHKDYLRXUEHWZHHQWKHOD\HUVLVGLYLGHGLQWRDQHODVWLFDQGDSODVWLFSDUWDOORZLQJVOLGLQJDIWHUD
GLVSODFHPHQWRIP

$V WKH SUHVHQWHG PRGHO XVHV EXQGOHV DV WKH EDVLF HOHPHQW QHJOHFWLQJ LQWHUQDO VOLGLQJ ZH FKRVH YDOXHV IRU WKH
LQKHUHQWVWLIIQHVVRIDEXQGOHRIQDQRWXEHLQOLQHZLWKWKHH[SHULPHQWDOGDWDIRUFURVVOLQNHGEXQGOHV7KHJHRPHWU\
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RIWKH)($PRGHOLVVKRZQLQ)LJXUH:HGHILQHGD³VWDQGDUGPRGHO´LQZKLFKJULSOHQJWKlGZDVPPDQGWKH
JDXJH OHQJWKZDV PP IRU ORQJ JDXJH OHQJWK DQG PP IRU VKRUW JDXJH OHQJWKPRGHOV 7KH WKLFNQHVV RI WKH
PRGHOOHGILEUHZDVIL[HG WRPLFURPHWUHV LQDOOFDVHVZKLFK LV WKHDYHUDJHILEUHGLDPHWHURIRXU LQKRXVHVSXQ
ILEUHV/DVWO\ZHDVVXPHGWKHJULSVWREHSHUIHFWO\DWWDFKHGWRWKHRXWHUOD\HURIWKHPRGHO

5HVXOWV

3.1 Axial stress distribution along the thickness 
,Q)LJXUH$ZHVKRZWKHVWUHVVGLVWULEXWLRQVDORQJWKHILEUHFURVVVHFWLRQDWGLIIHUHQWGLVWDQFHVIURPWKHJULSV
IRUWKHORQJJDXJHOHQJWKPRGHO2QFHWKHSODVWLFEHKDYLRXURIWKHLQWHUIDFHVRFFRXUVWKHVOLGLQJLVZHOOHVWDEOLVKHG
VWUDLQDQGWKHVWUHVVFRQFHQWUDWLRQLQWKHRXWHUOD\HURIWKHPRGHOEHFRPHVGRPLQDQWRYHUDGLVWDQFHRIPRUH
WKDQWLPHVWKHILEUHGLDPHWHUIURPWKHJULSVEHIRUHWKHVWUHVV LQ WKHFRUHUHDFKHVHYHQRQHKDOIRI WKDW LQ WKH
RXWHU OD\HU$OO WKHVHGDWD VXJJHVW WKDW IRU VXFKDQDQLVRWURSLFPDWHULDO LW WDNHVD FRQVLGHUDEOHGLVWDQFH IURP WKH
JULSVWRGLVWULEXWHWKHVWUHVVKRPRJHQHRXVO\7KLVOHDGVXVWRWKHFRQFOXVLRQWKDWIRUWKHWHVWLQJJHRPHWU\XVHGVR
IDU WKHSUHGLFWHGVWUHQJWKRI WKH&17ILEUH LVPRUH WKDQDQRUGHURIPDJQLWXGH OHVV WKDQ WKHRQHH[SHULPHQWDOO\
REVHUYHG
,Q)LJXUH%ZH VKRZ WKH VWUHVVGLVWULEXWLRQ IRU DPRGHOZLWK VKRUWJDXJH OHQJWKRIPP VKRZLQJ WKDW RQO\ D
PLQXWHIUDFWLRQRIWKHRXWVLGHVWUHVVFDQEHWUDQVIHUUHGWRWKHILEUHFRUHRYHUVXFKDVKRUWGLVWDQFH
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
)LJ$&RORXUSORWVRIWKHD[LDOVWUHVVGLVWULEXWLRQDWRIVWUDLQDSSOLHGIRUWKHORQJJDXJHOHQJWKPRGHOJHRPHWU\GLVWRUWLRQIDFWRU
%&RORXUSORWVRIWKHRIWKHD[LDOVWUHVVGLVWULEXWLRQDWRIVWUDLQDSSOLHGIRUWKHVKRUWJDXJHOHQJWKPRGHOJHRPHWU\GLVWRUWLRQIDFWRU
3ORWVRI WKHD[LDOVWUHVVGLVWULEXWLRQDORQJWKHWKLFNQHVVRI WKHILEUHIRUORQJJDXJHOHQJWKPRGHO&DQGWKHVKRUWJDXJHOHQJWKPRGHO'DW
GLVWDQFHVIDUIURPWKHJULSVQHDUJULSVDWTXDUWHURIWKHILEUHDQGKDOIILEUH

3.2 Stiffness variation 
7KHD[LDOVWLIIQHVVFKRVHQIRU&17EXQGOHVLQWKHVWDQGDUGPRGHOZDVVHWWR*3D(YHQLIWKLVYDOXHVHHPVWR
EH ORZHU WKDQ LGHDO IRUJUDSKLWH *3D >@&17EXQGOHVXVXDOO\KDYH VKRZQYDOXHV HYHQ ORZHU WKDQ
*3D7KHUHDVRQIRU WKHVHORZHUYDOXHV OLHV LQ WKHGLIILFXOW\RI WUDQVIHUULQJWKHORDGWRWKHFHQWUHVRIWKHEXQGOHV
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)LJXUH$VKRZVWKHFRPSDULVRQRID[LDOVWUHVVGLVWULEXWLRQDORQJWKHILEUHFURVVVHFWLRQIRUEXQGOHVWLIIQHVVYDOXHV
UDQJLQJ IURP03D IRUSXUH&17VRYHUYDOXHV IRU FURVVOLQNHGEXQGOHV >@KHQFHZLWKRXW WKHSRVVLELOLW\RI
LQWHUQDOVOLGLQJXSWRYDOXHVFORVHWRJUDSKLWHOD\HUV7KHORZHUWKHVWLIIQHVVRIWKHLQGLYLGXDOOD\HUWKHORZHUWKH
VWUHVVGLIIHUHQFHEHWZHHQRXWHUDQGLQWHUQDOOD\HUV6RRQHFRXOGFRQFOXGHWKDWWKHVWUHVVGLVWULEXWLRQLVLPSURYHG
KRZHYHUWKHRXWHUOD\HUMXVWSLFNVXSOHVVVWUHVVDWWKHVDPHVWUDLQDQGKHQFHWKHORDGGLIIHUHQFHEHWZHHQLQQHUDQG
RXWHU OD\HUV LV ORZHU $FFRUGLQJO\ WKH VWUHVVVWUDLQ FXUYHV RI WKH RYHUDOO ILEUH GHFUHDVH ZLWK GHFUHDVLQJ OD\HU
VWLIIQHVV+RZHYHU WKH VWUHVV GLVWULEXWLRQ HTXDOLVHV FRQVLGHUDEO\ HDUOLHU IRU *3DPRGHO DIWHU FD  ILEUH
GLDPHWHUVIRUVWUDLQDSSOLHGFRPSDUHGWRWKH*3DPRGHODQG*3DPRGHOIRUWKRVHODVWWZRFDVHVWKH
VWUHVVHVGRQRWHTXDOLVHDWHYHQKDOIWKHJDXJHOHQJWKFDILEUHGLDPHWHUVWKDWUHPDLQLQJLQVLGHWKHFRUHEHLQJ
WKDQGWKUHVSHFWLYHO\RIWKHYDOXHLQWKHH[WHUQDOOD\HU,Q)LJXUH%LVVKRZQWKHVDPHFRPSDULVRQLQWHUPV
RI VWUHVVVWUDLQFXUYHVKHUH WKH VWHHSHUFXUYH LV UHODWLYH WR WKHVWLIIHUPRGHO *3DZKHUH WKHRXWHU OD\HUZLOO
FDUU\DOPRVWDOO WKHORDG,QVXPPDU\WKH*3DDQG*3DFXUYHVDUHGHVFULELQJWKHHODVWLFEHKDYLRXURIWKH
H[WHUQDOOD\HUVRIWKHPRGHOZKLOHWKHFRUHRIWKHILEUHUHPDLQXQVWUHVVHG
 
 
 
 
 
 
 
          
           
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ$$[LDOVWUHVVGLVWULEXWLRQDORQJWKHFURVVVHFWLRQQHDUWKHJULSVPPDQGPPIDUIURPWKHJULSVIRUWKUHHGLIIHUHQWYDOXHRIOD\HU
VWLIIQHVV%6WUHVVVWUDLQFXUYHVFRPSDULVRQIRUWKHWKUHHWHVWHGFDVHV

&RQFOXVLRQV

+DYLQJ DQDO\VHGWKH VWUXFWXUH RI WKH &17 ILEUHV YLD ILQLWH HOHPHQW DQDO\VLV ZH KDYH JDLQHG D EHWWHU
XQGHUVWDQGLQJ RI LWV LQQHU FRPSOH[ LQWHUDFWLRQV DQG KRZ WKH\ ZRUN )URP WKH UHVXOWV RI WKH )(0 PRGHO ZLWK
SHUIHFWO\DOLJQHGOD\HUVLWLVDSSDUHQWKRZH[WUHPHO\GLIILFXOWLWLVWRWUDQVIHUWKHVWUHVVIURPWKHRXWHUOD\HUVWRWKH
FRUH RI WKH ILEUH7KLV LV GXH WR ERWK WKH KLJK D[LDO VWLIIQHVV RI WKH HOHPHQWV FRQVWLWXWLQJ WKH&17 ILEUH DQG WKH
H[WUHPHO\ ORZVKHDUVWUHQJWKRI WKH LQWHUIDFH8QGHU WKHDVVXPSWLRQ WKDW WKLVVKHDUVWUHVV LV LQGHSHQGHQW IURPWKH
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FRPSUHVVLRQ DSSOLHG WR WKH JULSV &RXORPE IULFWLRQQRW DSSOLFDEOH WKHVH UHVXOWV FOHDUO\ VKRZ WKDW D SDUWLFXODUO\
SXUH&17ILEUHFRUUHVSRQGLQJWRWKH)($PRGHOZLWKSHUIHFWO\DOLJQHGOD\HUVZLOOUHTXLUHDFRQVLGHUDEOHGLVWDQFH
IURPWKHJULSVLQRUGHUWRPDNHWKHVWUHVVXQLIRUPDORQJWKHWKLFNQHVVRIWKHILEUHDFFRUGLQJWR6W9HQDQW¶VSULQFLSOH
7KLVOHDGVXVWRWKHFRQFOXVLRQWKDWIRUWKHWHVWLQJJHRPHWU\XVHGVRIDUWKHSUHGLFWHGVWUHQJWKRIWKH&17ILEUHLV
PRUHWKDQDQRUGHURIPDJQLWXGHOHVVWKDQWKHRQHH[SHULPHQWDOO\REVHUYHGDOWKRXJKIDLOXUHLQHDFKFDVHLVDUHVXOW
RI VKHDU EHWZHHQ WKH D[LDOO\ VWURQJ VWUXFWXUDO HOHPHQWV +RZHYHU LW QHHGV WR EH FRQVLGHUHG WKDW WKH PRGHOV
SUHVHQWHGKROGWUXHRQO\XQGHUGLVUHJDUGRI&17RU&17EXQGOHHQGVDQGWKDWLQUHDOLW\DORQJHUJDXJHOHQJWKLV
V\QRQ\PRXV WRDKLJKHUQXPEHURIEXQGOHHQGV$FRPSOHWH VWXG\RI WKH LQWHUOD\HU VWUHVV WUDQVIHU LQFOXGLQJJULS
OHQJWKHIIHFWV&17EXQGOHHQGVDQGLPSXULWLHVLQ&17ILEUHVLVWREHSXEOLVKHGVRRQ>@

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